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Abstract: Pulsed thermography (PT) as a non-contact non-destructive evaluation (NDE) technique was employed to examine 
as-sprayed air plasma spray (APS) thermal barrier coatings (TBCs) for quality evaluation. Thickness and micro- 
structural characteristics play a vital role in determining the quality. In this paper, PT logarithmic peak second-derivative method was 
adopted to measure the thickness of top coat. Time dependent thermal images were used to characterize the microstructure which was 
confirmed by scanning electron microscope (SEM). The results showed that there was relationship between the temperature 
distribution of the surface and microstructure change in TBCs. Temperature distribution in thermal images and measurement results 
of thickness were in fairly good agreement with the microstructure change. It can be concluded that it was possible to employ these 
NDE methods as quality evaluation for as-sprayed TBCs. 
Key words: thermal barrier coatings (TBCs); non-destructive evaluation (NDE); pulsed thermography; microstructure; 
thickness measurement 
                                                                                                             
 
 
1 Introduction 
 
Thermal barrier coatings (TBCs) are widely used in 
gas turbines to provide insulation for hot sections and 
increase the component durability. The majority of 
current TBC systems are based on a duplex-coating 
system comprised of ZrO2 partially stabilized with Y2O3 
(YSZ) top coat and MCrAlY bond coat. The YSZ top 
coat reduces the severity of thermal transients and lowers 
the substrate temperature. The MCrAlY bond coat 
protects the superalloy substrate from oxidation and 
corrosion [1−4]. 
Thickness and micro-structural characteristics play 
a vital role in determining the quality of TBCs. During 
the long term services, stress concentration, which is 
caused by thickness variation, pores and cracks stemmed 
from improper parameter setup or operations lead to the 
delamination and spallation of the YSZ top coat from 
bond coat [5−6]. Therefore, it is important to develop a 
non-destructive evaluation (NDE) method to measure the 
thickness and characterize the microstructure change. 
Several NDE techniques have been applied for 
quality control of TBCs, such as photoluminescence 
[7−9] which can determine thermally growth oxides 
(TGO) residual stress and TGO phase constituents, 
impedance spectroscopy [10] to evaluate the thickness 
and composition changes of TGO during oxidation and 
the effect of cracks within YSZ layer and acoustic 
emission [11−12] which is used to identify cracking 
characterization. Recently, PT has been applied for 
evaluating the thickness and detecting subsurface 
damage within YSZ layer in TBCs [13−16]. SHEPARD 
et al [17] attempted to use PT to quantify TBC thickness. 
MARINETTI et al [18] and CERNUSCHI et al [19] 
proposed a procedure to reliably discriminate thickness 
changes and real defects based on the date of PT. 
However, abnormal microstructure with an emphasis on 
pores and cracks and its thermal properties had not been 
investigated. In this study, PT was used to evaluate the 
microstructural evolution of TBCs. The relationship 
between the microstructure of TBCs and its thermal 
properties that affects the temperature distribution of the 
surface was investigated for providing the relevant 
knowledge. 
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2 Experimental 
 
2.1 Sample preparation 
The substrates were cut into button-shaped coupons 
with 30 mm in diameter and 3 mm in height from a 
wrought sheet of nickel base super alloy. These coupons 
were grit-blasted, using 250 μm alumina grit, to obtain a 
sharp-peaked surface contour with a roughness average 
of 4−5 μm, in order to improve the adherence of the 
coating. The bond coat (Ni-25Cr-5Al-0.5Y) and the top 
coat (8%Y2O3-ZrO2) were deposited onto the surfaces of 
the specimen substrate by high-velocity oxygen fuel 
(HVOF) spray and air plasma sprayed (APS). The 
thickness of top coat (YSZ) is presented in Table 1. 
Because the YSZ layer is optically translucent [20], 
optical properties will also affect the PT data. To avoid 
the optical translucency issue, enhance infrared 
emissivity and optical absorption, TBCs were coated by 
a thin washable black paint before the test. 
 
Table 1 Thickness of YSZ 
Sample 
No. T11 T1, T2 T4, T9,T10 
T3, T5, 
T7, T8 T6 
YSZ/μm 150 190 200 250 300 
 
2.2 Pulsed thermography experiment 
The pulsed thermography system used in this 
investigation, EcothermTM, utilizes xenon flash lamps as 
a heat source to launch a pulse (1ms) of heat into the 
specimen surface. A 320×256 pixels infrared camera, 
operating within 8−9 μm spectral region (thermal 
infrared), captures the real-time surface temperature 
distribution and heat decay of the specimens at a rate of 
60 frames/s. Acquisition time is 8 s. The thermal contrast 
from the raw IR image corresponds to the surface 
temperature and is converted to thermal response 
amplitude, a unit-less and relative value within the 
specimen, related to the temperature of the specimen. 
The apparatus is shown schematically in Fig. 1. After 
pulsed thermography measurement, microstructures of 
the specimens were analyzed by a J840 scanning electron 
microscope (SEM) equipped with energy dispersive 
spectroscopy (EDS). 
 
2.3 Logarithmic peak second-derivative (LPSD) 
method of PT 
Thermographic signal reconstruction (TSR) 
proposed by SHEPARD et al [21−24] is a processing 
technique that uses polynomial interpolation to allow 
increasing the spatial and the temporal resolution of a 
thermogram sequence, while reducing the amount of data 
to be analyzed. Logarithmic peak second-derivative 
method is deduced form the TSR method [25]. Sheperd  
 
 
Fig. 1 Schematic diagram of pulsed thermography, PC supplied 
with data acquisition card and EchoTherm 8.0 data processing 
and analysis software 
 
et al determined that the second derivative of the surface 
temperature in the logarithmic scale contains a peak that 
can be used to determine the defect depth [26] and the 
thickness of the material [17]. TSR is based on the 
assumption that temperature profiles for non-defective 
areas follow the decay curve given by the 
one-dimensional solution of the Fourier diffusion 
equation for an ideal pulse uniformly applied to the 
surface of a semi-infinite body [27]. When pulsed 
thermal energy is applied, a thin layer of material on the 
TBCs sample surface is instantaneously heated to a high 
temperature. Heat conduction then takes place from the 
heated surface to the interior of the sample, leading to a 
continuous decrease of the surface temperature. The 
decay of the surface temperature T with time t was 
determined by PARKER et al [28] and is expressed as 
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where Q is the heat deposited on the surface, ρ is density, 
C is specific heat, α is thermal diffusivity, and L is 
sample thickness. In deriving Eq. (1), it was assumed 
that the thermal flash is instantaneous, the heat is 
absorbed within a surface layer of negligible thickness, 
and there is no heat loss from the sample surfaces.    
Eq. (1) is the exact solution for one-dimensional (1D) 
heat conduction within a plate of uniform thickness 
under ideal flash thermography conditions as described 
above. The curve of the natural logarithm of Eq. (1) 
initially follows the falling straight-line behavior of the 
ideal (no interface) case until a particular time, where it 
breaks away and becomes a horizontal line, which 
indicates termination of the one-dimensional diffusion 
process [23]. The first derivative curve of the natural 
logarithm of Eq. (1), calculated with respect to ln t, is a 
straight line with derivative value of −0.5, followed by 
another straight line with value 0. The second derivative 
curve of the natural logarithm of Eq. (1) is 
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Note that the second derivative in the logarithmic 
scale in Eq. (2) is dimensionless variables. And the result 
was plotted in Fig. 2, which shows that the second 
derivative is zero at early and later time periods, and 
reaches a maximum in between the early period, where 
normal diffusion reigns, and the later period, where 
one-dimensional diffusion has ceased [23]. 
 
 
Fig.2 Second derivative curves for stainless steel plates with 
various thickness 
 
When Eq. (2) is solved by a numerical method, the 
maximum second derivative d2(ln T)/d(ln t)2 is 0.473 66 
and it occurs when the non-dimensional time ω is equal 
to π. Therefore, the peak second-derivative time tpeak is 
απ
2
peak
Lt =                                                                      (4) 
The time regime prior to the second derivative peak 
describes uninterrupted diffusion, and the period after the 
peak describes a situation where any cooling that occurs 
will be via convection, radiation, or lateral diffusion. Of 
course, in a real sample, the back wall interface is not 
likely to be perfectly isolated, so that some heat will pass 
through the interface. However, much can be learned 
from this idealized scenario. The logarithmic second 
derivative has several remarkable properties. It is 
invariant with respect to the input energy amplitude 
(differentiation of the natural logarithm of Eq. (1) with 
respect to ln t removes dependence on Q). In the 
adiabatic case, its shape and amplitude are also invariant 
with respect to the material composition of the sample. 
Only the time at which the peak occurs will vary, based 
on either the thickness or thermal diffusivity of the 
sample [23]. 
To verify the logarithmic derivative behavior of a 
slab, samples were inspected using PT. The experiment 
equipment and parameter settings were the same as 
description in section 2.2. A stainless steel plate with 
dimensions of 5 cm × 5 cm and thicknesses of 2.0, 2.5, 
3.0 and 3.5 cm, respectively was prepared by painting 
the front surface with washable black poster paint to 
increase emissivity and optical absorption. An 8-s data 
sequence was acquired for the stainless steel plate, the 
second derivative curve was shown in Fig. 2. It is seen 
that the time at which the peak occurs will vary, based on 
the thickness of the specimen. 
 
3 Results and discussion 
 
3.1 Results of thickness measurement and analysis 
For the same TBCs specimen，the value of 1/πα is a 
constant but not clearly defined due to the variation of 
the manufacturing conditions and the material 
performances. 1/(πα) is treated as a coefficient k, and 
then Eq. (4) is simplified as 
2
peak kLt =                                                                      (5) 
Ten standard samples with the known YSZ 
thickness were made to calibrate k value. The peak time 
obtained from the second derivatives curve and the 
known YSZ thickness of all standard samples are 
substituted into Eq. (5) to get calibration value k=  
7.793×10−6. The second derivatives curves of all 
specimens are plotted in Fig. 3. The behavior of the 
second logarithmic derivative is first described for an 
adiabatic slab [23], in which case, the derivative peak is 
positive, indicating termination of the diffusion process. 
For a ceramic coating on a metallic substrate, the thermal 
conductivity of the back wall material is higher than the 
coating, so that heat will pass through the interface 
between the coating and the substrate. This case 
is contrary to the case of the second logarithmic 
derivative which is described in Ref.[25]. The peak of 
the second derivative curve should be the negative, 
which correlates well with thickness [17]. The accuracy 
of the derivative calculation is likely to be adversely 
affected by noise and the sampling interval, which will 
be determined by the camera frame rate. Also, 
amplitudes will vary in the nonadiabatic case according 
to the ratio of the thermal effusivity of the backing 
material to that of the slab material. The peak second- 
derivative time which occurs in the presence of the 
interface between YSZ and bond coat can be determined  
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Fig. 3 Second derivative curves of temperature as function of 
time in lg-lg scale for TBC specimens 
 
from curves are listed in Table 2 and be used to calculate 
thickness using Eq. (5) and k=7.793×10−6. The calculated 
and the actual value of YSZ thickness obtained by SEM 
are listed in Table 2. 
The inherent fluctuation of thickness influenced by 
deposition techniques and parameters exists at the 
YSZ/bond coat interface. According to the thickness of 
YSZ changing from 150 μm to 300 μm, the turbidity 
experiments show that extreme fluctuating is 15−30 μm. 
For this reason, it seems to be normal that the 
relative error is less than 10%. On the other hand, it may 
suggest that there exists an abnormal microstructure in 
the body of sample. As shown in Table 2, the 
relative errors of T4, T6, T7 and T10 are more than 10%. 
Consequently, it needs to make further investigation in 
order to determine the abnormal microstructure by 
thermal images and SEM. 
 
3.2 Thermal images and microstructure analysis 
Analysis of PT data is performed on either a local or 
global scale. In local analysis methods, which are 
simpler and more widely used, individual images taken 
from the cooling time sequence are examined to find 
anomalous abnormal spots that are indicative of 
subsurface defects. Figure 4 shows the thermal images 
collected at 0.25 s after thermal flash heating. It can be 
 
Table 2 Peak time of second derivative curve, calculated and actual values of YSZ thickness and relative error 
Sample No. Peak time/s Calculated thickness, D1/μm Actual thickness, D2/μm Relative error, %/])[( 1221
−⋅− DDD
T1 0.289 192.57 200.41 −3.9 
T2 0.340 208.88 224.30 −6.9 
T3 0.527 260.05 288.37 −9.8 
T4 0.561 268.31 168.09 59.6 
T5 0.374 219.07 205.14 6.8 
T6 0.697 299.06 252.46 18.5 
T7 0.459 242.69 285.29 −14.9 
T8 0.340 208.88 203.12 2.8 
T9 0.306 198.16 195.78 1.2 
T10 0.272 186.82 235.78 −26.2 
T11 0.323 203.59 200.37 1.6 
 
 
Fig. 4 Thermal images of TBCs specimens (T4, T6, T7, T10, and T11) after 0.25 s thermal injection 
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noticed that temperature distribution on its surface 
is abnormal in some parts of T4, T6, T7 and T10 samples; 
however, the relative error of the temperature distribution 
of the other sample (for example T11) less than 10% is 
normal. Because of the surface treatment before testing, 
these areas of abnormal temperature distribution are not 
affected by the surface condition. According to the 
thermal conduction theories of isotropic materials, it is 
concluded that the thermal conductivity of these areas is 
higher than that of normal areas. Thermal contact 
resistance between YSZ and bond coat can vary with 
presence of significant pores and cracks, which can give 
rise to variation of heat transfer rate. The surface 
temperature distribution of the YSZ topcoat will be 
abnormal, which is caused by the local change of the 
heat transfer rate. During the spraying, improper 
experimental parameters and operations can easily result 
in pores and cracks at the YSZ/bond coat interface. In 
order to further  investigate the defects, microstructure 
analysis was carried out by scanning electron 
micrographs. For sample T11, whose surface 
temperature distribution is normal, displays no indication 
of pores and cracks. Except for samples T4, T6, T7, and 
T10, no large porosity, pore size and cracks are present in 
the cross-sectional micrographs (Fig.5). The thermal 
images of TBC samples are in good agreement with the 
corresponding cross-sectional micrographs. This shows 
that pores and cracks can cause abnormality temperature 
distribution, and also identifies that the PT method is 
reliable for detecting pores and cracks. 
 
 
Fig. 5 Cross-section morphologies of 
TBCs (Cracks and pores close to the 
interface are clearly visible of samples, as 
pointed out by arrows): (a) T4; (b) T6;  
(c) T7; (d) T10; (e) T11 
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4 Conclusions 
 
Non-destructive evaluation of as-sprayed APS 
TBCs was carried out by pulsed thermography. The 
results showed that pulsed thermography can be 
employed to evaluate the quality. Thermal images 
corresponding to subsurface pores and cracks 
documented by microstructural analysis contain 
significant information about defective position and 
degree. By means of random sampling, Logarithmic peak 
second-derivative method will be applied to direct, 
quantitative measurement of the thickness during 
production. Homogeneity for a large area of as-sprayed 
TBCs can be qualitatively checked with the aid of 
thermal images. Combined methods of qualitative 
analysis and quantitative measurement of pulsed 
thermography can realize the target of quality evaluation 
for as-sprayed TBCs. It provided a fast and convenient 
non-contact way to control TBCs quality, and guide for 
fabrication of the TBCs. However, more research work is 
needed, pulsed thermography can be utilized in industrial 
and engineering fields. 
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